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Who This Is For

This playbook is designed for manufacturing
professionals responsible for improving
operational performance and leading digital
transformation initiatives across the factory
floor, including:

> Plant Managers

> Manufacturing Leaders

> Operations Directors

> Digital Transformation Leaders

> Industrial Engineering Teams

> Maintenance Managers

> Smart Factory Program Managers

If Industry 4.0 has been discussed in strategy
meetings but translating it into measurable
improvements on the factory floor remains
unclear, this guide is for you.

Whether you operate a discrete process
plant or a manufacturing facility, manage a
single production line or multiple facilities,
this playbook will helps you

« Understand what Industry 4.0 really
means and how its core technologies work
together.

- Differentiate Smart Manufacturing, Digital
Manufacturing, Industrial 10T (lloT), and
related concepts.

« Benchmark your operations against world-
class manufacturers.

« |dentify practical use cases that deliver
measurable business value.

« Build a realistic roadmap toward
connected, real-time manufacturing.

Rather than focusing solely on tech, this
guide provides a business-first perspective

5 TL;DR

Industry 4.0 is not about adding more sensors
or dashboards. It’s about turning factory data
into real-time operational decisions that
improve uptime, quality, efficiency, and
maintenance before problems become costly.

This playbook explains what Industry 4.0
actually means, the technologies behind it,
the benefits and challenges of adoption, and
the practical benchmarks that define world-
class manufacturing performance. It
introduces sixteen measurable KPIs across
OEE, production, energy, and predictive
maintenance that help manufacturers assess
where they stand today and identify the
biggest opportunities for improvement.

Rather than treating digital transformation as
a technology project, the guide focuses on
building an operational capability that
connects existing equipment, integrates with
MES and SCADA systems, delivers live
visibility, and continuously improves plant
performance. It concludes with a practical
framework for evaluating Industry 4.0
Initiatives and shows how an end-to-end
approach can simplify deployment, reduce
operational complexity, and accelerate
measurable business outcomes.
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Introduction:
Why This, Why Now

Every plant already has data. Sensors on the
line, PLCs, SCADA systems, MES platforms,
maintenance logs, quality records, and
spreadsheets all capture different parts of
the operation. The challenge has never been
collecting data. The challenge is turning that
data into timely decisions that improve
production, reduce downtime, and increase
operational efficiency.

Manufacturers today operate in an
environment of rising production costs,
increasing quality expectations, tighter
delivery schedules, growing sustainability
targets, and persistent labor shortages.
Every minute of unplanned downtime, every
quality defect, and every inefficient

production cycle directly impacts profitability.

Yet many critical decisions are still based on
shift reports, historical dashboards, or
manual reviews, long after the opportunity to
prevent an issue has passed.

Industry 4.0 addresses this gap by
connecting machines, systems, and people
through real-time data. Instead of
understanding what happened yesterday,
manufacturers gain the ability to monitor
operations as they happen, identify emerging
issues before they become failures, and
make faster, data-driven decisions across the
factory floor. Industry 4.0 is not simply about
deploying new technologies. It is about
transforming manufacturing from reactive
operations to intelligent, real-time
operations.

01

The principles presented throughout this
playbook are drawn from established Industry
4.0 practices, internationally recognized
manufacturing standards, and real-world
industrial deployments across discrete and
process manufacturing environments. The
objective is to provide a practical framework
that manufacturing leaders can apply
regardless of where they are in their digital
transformation journey.

This playbook is organized around three
questions every manufacturing leader should
be able to answer:

« Whatis Industry 4.07?

« What does world-class manufacturing
look like?

« How do you get there?

Whether you're beginning your Industry 4.0
journey or expanding existing initiatives, this
playbook helps you understand the
landscape, benchmark your operations, and
build a practical roadmap to world-class
manufacturing.
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Chapter1
What Is Industry 4.07?

1.1 The Plain-Language Definition

Industry 4.0 is the transformation of
manufacturing from disconnected, reactive
operations to connected, intelligent, and
real-time operations. It enables machines,
systems, and people to continuously share
data, providing complete visibility into
production and allowing decisions to be
made while operations are still in progress
rather than after they have finished. By
breaking down data silos, it creates a unified
view of operations that improves
collaboration, agility, and responsiveness.

This transformation is powered by
technologies such as Industrial loT (lloT), Al
machine learning, automation, robotics,
cloud and edge computing, and real-time
data platforms. Together, these technologies
connect physical equipment with digital
systems, enabling manufacturers to monitor
assets, detect anomalies, predict failures,
optimize production, and improve operational
performance.

That's the whole idea |

Everything else, including sensors,
connectivity, software platforms, analytics,
dashboards, Al models, vendors, and
technical acronyms, is simply an
implementation layer built on top of one
fundamental shift: moving from after-the-
fact operations to real-time manufacturing.
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At its core, Industry 4.0 is not defined by any
single technology or software platform.

It represents a new way of operating
manufacturing environments, where data
flows continuously across machines,
production systems, and business
applications to provide a single, real-time
view of operations.

In practical terms, this means identifying
equipment failures before they occur,
detecting quality deviations while production
is still running, optimizing energy
consumption as conditions change, and
giving operators, maintenance teams, and
plant managers the information they need to
act immediately rather than relying on
historical reports.

Everything in Industry 4.0 ultimately

serves one objective: transforming
manufacturing from reactive decision-making
to proactive, data-driven operations where
problems are identified, understood, and
resolved before they become costly
disruptions.

INTERESTING FACT o

A modern manufacturing plant can generate over 1
terabyte of operational data every day, yet much of it
is never analyzed. Industry 4.0 makes this data
actionable in real time
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1.2 Why It’s Called the Fourth Industrial Revolution

Industry 4.0 did not emerge in isolation. [t represents the latest stage in a series of technological
transformations that have fundamentally changed how goods are produced. Each industrial
revolution introduced a breakthrough that dramatically improved manufacturing productivity,
and each built upon the foundations of the one before it.

/l THE FIRST INDUSTRIALREVOLUTION

The first industrial revolution, beginning in
the late 18th century, was driven by steam
power and mechanization. Manual
production gave way to machines, enabling
factories to produce goods at a scale that
had never been possible. Industries such as
textiles, mining, and metalworking were
among the first to benefit from this
transformation

/l THE SECOND INDUSTRIAL REVOLUTION

The second industrial revolution introduced
electricity, assembly lines, and mass
production. Electrification allowed factories
to operate more efficiently, while
standardized manufacturing processes
dramatically increased production speed,
consistency, and affordability. This

era established many of the manufacturing
principles that still exist today

// THE THIRD INDUSTRIALREVOLUTION

The second industrial revolution introduced
electricity, assembly lines, and mass
production. Electrification allowed factories
to operate more efficiently, while
standardized manufacturing processes
dramatically increased production speed,
consistency, and affordability. This

era established many of the manufacturing
principles that still exist today
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The Fourth Industrial Revolution

The fourth industrial revolution, known

as Industry 4.0, builds upon these earlier
advances by connecting machines, systems,
and people through real-time data. Sensors
continuously capture operational
information, industrial networks enable
machines to communicate with one another,
and software analyzes data as it is generated
to support faster and more informed
decision-making.

Unlike previous revolutions that primarily
introduced new sources of power or
automation, Industry 4.0 adds intelligence
and connectivity to existing manufacturing
environments. Machines no

longer operate independently. They become
part of an integrated ecosystem where
production equipment, quality systems,
maintenance platforms, enterprise
applications, and operators work from the
same real-time operational data.

The term Industry 4.0 originated from a
German government initiative introduced in
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2011 to strengthen the competitiveness of
the country’s manufacturing sector through
digital technologies. Since then, it has
evolved into the globally accepted framework
for connected, intelligent, and data-driven
manufacturing.

Importantly, each industrial revolution builds
upon the one before it. Steam power did not
disappear with electricity. Assembly lines did
not disappear with computers. Likewise,
Industry 4.0 does not replace traditional
manufacturing systems. It enhances them by
adding connectivity, visibility, intelligence,
and real-time decision-making to the
technologies already operating on the
factory floor.

Today, manufacturers adopting Industry 4.0
are not replacing decades of investment in
machinery and automation. They are
extending those investments by connecting
existing assets, integrating operational and
business systems, and transforming isolated
data into actionable operational intelligence.

©
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1.3 The Technologies Behind It

Industry 4.0 is not built on a single technology. It is an ecosystem of complementary
technologies that work together to create connected, intelligent, and real-time
manufacturing operations. Each technology plays a specific role, but the real

value emerges when they operate as an integrated system rather than in isolation.

o} Industrial Internet of Things (IloT)

Industrial loT forms the foundation of Industry 4.0. Sensors installed on machines continuously
capture operational data such as vibration, temperature, pressure, power consumption, speed,
cycle times, and equipment status. Instead of relying on periodic manual inspections or shift-
end reports, manufacturers gain a continuous stream of real-time operational data from across
the factory floor.

H8 Connectivity and Industrial Communication

Collecting data is only the first step. Industry 4.0 depends on reliable communication between
machines, controllers, edge devices, and enterprise systems. Industrial protocols such as OPC
UA, MQTT, Modbus, EtherNet/IP and PROFINET, along with industrial gateways and edge
devices, enable equipment from different vendors and generations to exchange data securely
and consistently

4> Artificial Intelligence and Machine Learning

Artificial intelligence transforms raw operational data into actionable insights. By analyzing
historical and real-time data, Al models can detect anomalies, predict equipment failures,
forecast maintenance requirements, identify quality deviations, optimize production
schedules, and recommend corrective actions before operational issues impact production.

@ Cloud and Edge Computing

Modern manufacturing requires both edge and cloud computing.

Edge computing processes time-sensitive data close to the production equipment, enabling
low-latency monitoring and control even when internet connectivity is limited.

Cloud computing provides scalable infrastructure for centralized analytics, long-term data
storage, enterprise-wide reporting, Al model training, and multi-plant visibility.

Together, they provide both immediate operational responsiveness and long-term business
intelligence.
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o) Automation and Robotics

Automation enables manufacturing systems to respond consistently and efficiently with
minimal manual intervention. Industrial robots, programmable logic controllers (PLCs),
automated material handling systems, and autonomous equipment execute repetitive tasks
with high precision while integrating seamlessly with real-time production data to improve
throughput, quality, and worker safety.

S MES, SCADA, ERP and Enterprise Integration

Most manufacturers already operate systems such as Manufacturing Execution Systems
(MES), Supervisory Control and Data Acquisition (SCADA), Enterprise Resource Planning (ERP),
historians, Computerized Maintenance Management Systems (CMMS), and quality
management platforms. Industry 4.0 does not replace these investments. Instead, it connects
them, creating a unified operational view where production, maintenance, quality, inventory,
and business systems continuously exchange information.

-~ Real-Time Data Platforms

The final layer is the real-time data platform that integrates data from machines, industrial
protocols, enterprise applications, and external systems into a unified streaming architecture.
Rather than processing information in batches or isolated silos, real-time platforms
continuously ingest, transform, analyze, and distribute operational data, ensuring that every
application, dashboard, analytics engine, and Al model works from the same live source of truth.

$ Bringing It All Together

Individually, these technologies solve specific operational challenges. Together, they enable a
manufacturing environment where machines communicate continuously, data flows
seamlessly across systems, Al identifies opportunities before problems occur, and decision-
makers gain complete visibility into operations as they happen.

This integration is what distinguishes Industry 4.0 from traditional automation. It is not defined
by the number of sensors installed or the amount of data collected, but by the ability to
transform that data into timely, intelligent decisions that improve productivity, quality, reliability,
and operational performance.
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1.4 What It Looks Like in Manufacturing

Industry 4.0 becomes meaningful only when its technologies translate into measurable
improvements on the factory floor. It is not about installing more sensors or collecting more
data. It is about enabling manufacturers to see what is happening in real time, respond faster,
and continuously improve operational performance.

Rather than operating through disconnected systems and historical reports, a modern
manufacturing environment functions as a connected ecosystem where machines, production
lines, maintenance teams, quality systems, and business applications continuously exchange
information. Every event generated on the shop floor contributes to a live operational picture
that supports faster and better decision-making.

The difference becomes clearer through a few practical examples.

J9 Predictive Maintenance

A vibration sensor installed on a CNC spindle detects a gradual increase in vibration over several
days. Instead of waiting for the bearing to fail and halt production, the system identifies the
abnormal trend, predicts a potential failure, and automatically alerts the maintenance team.
The repair is scheduled during planned downtime, avoiding costly production interruptions and
extending equipment life.

®© Real-Time Quality Monitoring

Traditionally, quality inspections are performed at fixed intervals or after production batches
are completed. By the time a defect is identified, hundreds of components may already require
rework or scrapping.

With Industry 4.0, quality data is monitored continuously. If measurements begin drifting
outside acceptable tolerances, operators receive immediate alerts, enabling corrective action
before defects propagate through the production process.

€A Production Performance

Instead of reviewing production reports after every shift, supervisors can monitor machine
utilization, Overall Equipment Effectiveness (OEE), throughput, downtime, and cycle times as
production is taking place. Production bottlenecks become visible immediately, allowing teams
to restore performance before production targets are missed.
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¢ Energy Optimization

Energy consumption is monitored continuously across machines, production lines, and utilities.
If equipment begins consuming more energy than expected for the same production output,
the system identifies the deviation, helping maintenance teams investigate equipment health
while enabling operations teams to reduce energy costs and improve sustainability
performance

£33 Connected Maintenance Operations

Maintenance teams no longer rely solely on fixed service schedules. Instead, maintenance
activities are prioritized using live operational data such as equipment health, operating hours,
vibration levels, temperature, and fault history. This enables maintenance resources to focus on
assets that genuinely require attention rather than servicing equipment that

IS operating normally.

Q. Enterprise-Wide Visibility

Industry 4.0 extends beyond individual machines. Production, maintenance, quality, inventory,
and enterprise systems continuously exchange information, enabling plant managers and
corporate operations teams to monitor multiple production lines or facilities from a unified
operational dashboard. Decisions are based on live operational data rather than waiting for end-
of-shift, daily, or monthly reports.

© Industry 4.0 Beyond Manufacturing

Although Industry 4.0 originated in manufacturing, its principles apply across industrial sectors.
From mining and energy to logistics, aviation, and utilities, organizations use connected assets,
real-time data, and predictive analytics to improve equipment reliability, optimize operations,
reduce downtime, and enhance safety. Regardless of the industry, the objective remains the
same: transform operational data into timely decisions that drive efficiency, quality, and
business performance.

// THE COMMON THREAD

Whether monitoring a CNC machine, a cement kiln, a mining excavator, or a connected
commercial vehicle, the underlying principle of Industry 4.0 remains consistent.

Capture operational data continuously. Connect systems intelligently. Analyze information
in real time. Enable people to act before problems become costly failures.

That is what Industry 4.0 looks like in practice.
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1.5 The Real Benefits

Industry 4.0 is often associated with advanced technologies, but its value is measured through
business outcomes rather than technology adoption. The objective is not to install more
sensors, deploy more software, or automate every process. The objective is to improve
productivity, quality, reliability, sustainability, and operational decision-making across the
manufacturing enterprise.

When implemented effectively, Industry 4.0 delivers several measurable benefits.

< Real-Time Operational Visibility

Traditional manufacturing relies heavily on historical reports, manual observations, and periodic
reviews. Industry 4.0 replaces delayed visibility with continuous operational awareness.

Plant managers, supervisors, and operators gain access to live production data, equipment
health, quality metrics, and operational KPIs through a unified view of the factory. Instead of
reacting to yesterday’s problems, teams can identify and address issues while production is still
running.

Y Predictive Maintenance

Maintenance shifts from reactive and time-based servicing to condition-based and predictive
maintenance.

By continuously monitoring equipment health through vibration, temperature, operating hours,
power consumption, and fault patterns, manufacturers can identify potential failures before
they occur. This reduces unplanned downtime, improves asset availability, extends equipment
life, and enables maintenance activities to be scheduled during planned production windows.

@ Improved Product Quality

Continuous monitoring enables manufacturers to detect process deviations before they
become large-scale quality issues.

Instead of discovering defects after an entire production batch has been completed, operators
receive immediate alerts when measurements begin moving outside acceptable limits. This
reduces scrap, minimizes rework, improves first-pass yield, and enhances customer
satisfaction.
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€33 Higher Operational Efficiency

Industry 4.0 provides continuous insight into production performance through metrics such as
Overall Equipment Effectiveness (OEE), cycle times, throughput, machine utilization, and
downtime.

Production bottlenecks become visible as they occur, allowing teams to optimize workfiows,
improve resource utilization, reduce idle time, and increase overall production capacity without
necessarily investing in additional equipment.

§ Energy and Resource Optimization

Energy is one of the largest operating costs in manufacturing.

Industry 4.0 enables continuous monitoring of electricity, fuel, compressed air, water, and other
utilities, helping manufacturers identify abnormal consumption patterns, optimize production
efficiency, reduce operating costs, and support sustainability initiatives.

*Z Better Decision-Making

Manufacturing decisions become increasingly data-driven rather than intuition-driven.

By combining operational data from machines, maintenance systems, quality platforms,
inventory systems, and enterprise applications, decision-makers gain a comprehensive
understanding of plant performance. This enables faster responses to operational issues while
supporting long-term planning based on reliable data rather than assumptions.

© Enterprise-Wide Visibility

Industry 4.0 extends visibility beyond a single production line or facility.

Organizations operating multiple plants can standardize KPIs, compare operational
performance across locations, identify best practices, and manage production from a
centralized operational view. This enables more consistent decision-making and accelerates
continuous improvement across the enterprise.

® What Industry 4.0 Does Not Do

Industry 4.0 is not a replacement for strong manufacturing processes, skilled operators, or
effective management. Rather, it provides the technological foundation for building innovative
industrial applications that solve real operational challenges. Platforms such as Condense
enable manufacturers to develop and deploy these applications by connecting machines,
systems, and enterprise data into a unified, real-time industrial platform.
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1.6 The Real Challenges

Industry 4.0 offers significant opportunities, but successful adoption requires more than
deploying new technologies. Modern manufacturing environments are complex, with legacy
equipment, multiple software systems, and established operational processes. Understanding
these challenges is essential for planning a successful digital transformation.

= Investment and Return on Investment

Implementing Industry 4.0 requires investment in sensors, connectivity infrastructure, software
platforms, system integration, and workforce training. While these investments often deliver
measurable long-term benefits through improved productivity, reduced downtime, and better
resource utilization, organizations must carefully prioritize initiatives and build a phased
roadmap that demonstrates value at every stage.

For many manufacturers, the most effective approach is to begin with a focused pilot
project, validate measurable business outcomes, and then expand implementation
across additional production lines or facilities.

< Integrating Legacy Equipment
Few manufacturing plants are built entirely from modern equipment. Most operate machines
from multiple vendors, installed over decades, using different communication protocols and

control systems.

Connecting PLCs, CNC machines, SCADA systems, MES platforms, historians, ERP systems, and
industrial [oT devices into a unified architecture requires careful integration planning. One of
the biggest challenges is ensuring that these diverse systems can exchange reliable,
consistent, and secure operational data without disrupting production.

& Data Quality and Standardization

The value of Industry 4.0 depends on the quality of the data being collected.

Inconsistent sensor readings, duplicate information, missing data, incorrect timestamps, or
different naming conventions across production systems can reduce the accuracy of analytics
and Al models. Establishing common data standards, governance policies, and validation
processes is essential to ensure that operational decisions are based on trustworthy
information.
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() Cybersecurity

Connecting industrial systems increases operational visibility, but it also expands the potential
attack surface.

Industrial control systems, edge devices, production networks, and enterprise applications
must be protected through secure communication protocols, identity and access
management, network segmentation, encryption, continuous monitoring, and regular security
assessments. Cybersecurity should be incorporated into the architecture from the beginning
rather than added after deployment.

O! Managing Scale and Complexity

As Industry 4.0 initiatives grow, so does operational complexity.

Organizations often begin with a single production line or a limited pilot. Over time, they may
connect hundreds of machines, multiple production facilities, thousands of sensors,

and numerous enterprise applications. Maintaining reliable data pipelines, monitoring system
health, managing software updates, and ensuring consistent performance across large-scale
deployments requires a scalable architecture and well-defined operational processes.

2 Workforce Adoption and Change Management

Technology alone does not transform manufacturing. People do.

Successful Industry 4.0 adoption depends as much on people as technology. Operators,
engineers, maintenance teams, supervisors, and plant managers must trust the data, adopt
new workflows, and confidently use digital tools in their daily operations. Achieving this requires
effective training, clear communication, strong leadership, and close collaboration across
operations, maintenance, engineering, IT, and business teams to ensure technology delivers
measurable business value.

< Turning Challenges into Opportunities

These challenges should not discourage manufacturers from pursuing Industry 4.0. Instead,
they highlight the importance of adopting a structured implementation strategy.

Organizations that define clear business objectives, begin with high-value use cases, integrate
existing systems rather than replacing them, prioritize cybersecurity, and invest in workforce

enablement are significantly more likely to achieve sustainable results.

Industry 4.0 is not a single technology project or a one-time implementation. It is an ongoing
journey of continuous improvement that evolves alongside manufacturing operations.
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1.7 Industry 4.0 vs Industry 5.0

As Industry 4.0 continues to reshape manufacturing, a newer concept, Industry 5.0,

has emerged. While the two terms are often used together, they are not competing approaches
or successive replacements. Instead, Industry 5.0 builds upon the technological

foundation established by Industry 4.0, expanding the focus beyond efficiency and automation
to include people, sustainability, and resilience.

#% Industry 4.0: Connected and Intelligent Manufacturing

Industry 4.0 focuses on connecting machines, systems, and data to enable real-time visibility,
automation, and intelligent decision-making. Its primary objective is to improve productivity,
operational efficiency, quality, equipment reliability, and manufacturing performance through
technologies such as Industrial |loT, artificial intelligence, robotics, cloud computing, and real-
time analytics.

The emphasis is on creating a digitally connected factory where operational decisions are
driven by live data rather than historical reports.

&, Industry 5.0: Human-Centric, Sustainable, and Resilient Manufacturing

Industry 5.0 extends these capabilities by placing greater emphasis on collaboration between
people and technology.

Rather than viewing automation as a replacement for human expertise, Industry 5.0 focuses on
augmenting human decision-making with intelligent systems. It also prioritizes environmental
sustainability, resource efficiency, worker well-being, and resilient manufacturing operations
that can adapt to changing market conditions, supply chain disruptions, and evolving customer
expectations.

The objective shifts from simply producing more efficiently to producing more responsibly and
sustainably while empowering people with better tools and information.

& Industry 4.0 and Industry 5.0 Work Together

Industry 5.0 builds on, rather than replaces, Industry 4.0. Its goals of sustainability, human-
centric manufacturing, and operational resilience rely on the connected systems, real-time
data, Al-driven insights, and digital capabilities established through Industry 4.0. For most
manufacturers, the priority remains building this digital foundation before advancing to broader
Industry 5.0 objectives.
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A Simple Comparison

/I INDUSTRY 4.0 /I INDUSTRY 5.0

> Connected factories > Human-centric factories

> Real-time operational visibility > Human-machine collaboration

> Automation & digitalization > Augmented decision-making

> Productivity & efficiency > Sustainability & resilience

> Intelligent manufacturing systems > Intelligent & responsible manufacturing
/| THE BOTTOM LINE

Industry 4.0 answers the question:
"How can manufacturing become smarter and more connected?”

Industry 5.0 answers the question:
"How can smart manufacturing create better outcomes for people, businesses, and

society?”

Rather than competing concepts, they represent different stages of manufacturing
evolution, with Industry 5.0 building on the digital foundation established by Industry 4.0.

Note: Although Industry 5.0 is gaining attention, most manufacturers are still in the early
to intermediate stages of Industry 4.0 adoption. Building a connected, real-time
manufacturing environment remains the first priority for organizations beginning their
digital transformation journey.

1.8 Common Myths About Industry 4.0

Despite becoming a widely discussed topic, Industry 4.0 is often misunderstood. Many
organizations delay their digital transformation because of misconceptions about cost,
complexity, or the technologies involved. Separating fact from fiction helps manufacturers
make informed decisions and focus on initiatives that deliver measurable business value.

DID YOU KNOW ?

More than 70% of Industry 4.0 initiatives start with
upgrading existing equipment, not replacing entire factories.
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Industry 4.0 Is Only for Large Enterprises

Large manufacturers were among the earliest adopters of Industry 4.0, but the technologies
have become increasingly accessible to organizations of all sizes.

Many successful implementations begin with a single production line, a critical machine, or a
focused use case such as predictive maintenance or real-time production monitoring.
Manufacturers can expand these initiatives gradually as business value

Is demonstrated, reducing both investment risk and implementation complexity.

Reality: Industry 4.0 is scalable. Organizations can start small, validate measurable outcomes,
and expand at their own pace.

Industry 4.0 Requires Replacing Existing Equipment

One of the most common misconceptions is that digital transformation requires replacing an
entire factory with new machines.

In reality, most Industry 4.0 initiatives build upon existing investments. Legacy machines can
often be connected using industrial gateways, sensors, PLC interfaces, or communication
protocols such as OPC UA and MQTT, allowing manufacturers to modernize operations without
replacing production assets.

Reality: Industry 4.0 extends the value of existing equipment by making it connected, visible,
and data-driven.

More Data Automatically Leads to Better Decisions

Collecting large volumes of data does not create value on its own.
Without proper data quality, governance, analytics, and clearly defined operational objectives,
manufacturers end-up with dashboards than insights. Successful Industry 4.0 programs focus

on delivering actionable information that enables faster and better operational decisions.

Reality: The value lies not in collecting more data, but in turning the right data
into timely action.
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Industry 4.0 Is a One-Time Project

Digital transformation is not completed when sensors are installed or dashboards go live.

Manufacturing operations evolve continuously as production volumes change, equipment
ages, new products are introduced, and operational priorities shift. Thresholds, predictive
models, dashboards, and integrations require ongoing optimization to continue delivering
value.

Reality: Industry 4.0 is an ongoing operational capability built on continuous improvement
rather than a project with a fixed end date.

Industry 4.0 Is Only About Technology

Technology is only one part of a successful transformation.

Achieving measurable business outcomes requires collaboration between operations,
maintenance, engineering, IT, and leadership teams. Process improvements, workforce
adoption, change management, and clearly defined business objectives are just as important
as the technologies being implemented.

Reality: Successful Industry 4.0 initiatives combine technology, people, and processes to
create sustainable operational improvements.

[l THE BOTTOM LINE

Industry 4.0 is neither an all-or-nothing transformation nor a technology initiative reserved
for large enterprises. It is a practical, incremental approach to improving manufacturing
through better connectivity, real-time operational visibility, and data-driven decision-
making.

Manufacturers that begin with clear business objectives, measurable KPIs, and focused
implementation strategies are far more likely to realize sustainable value than those
pursuing technology for its own sake.

Private & Confidential © Zeliot | 2026
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Chapter 2 : The Sixteen Benchmarks
of World-Class Manufacturing

The KPIs that separate reactive factories from high-performing manufacturing operations.

21 Why Benchmarks Matter

Every manufacturing facility generates
thousands of data points each day, from
machine status and production counts to
maintenance records, quality inspections,
and energy consumption. However, collecting
data alone does not improve performance.
What differentiates world-class
manufacturers is their ability to measure the
right metrics, interpret them correctly, and
act before small operational issues become
costly production problems.

Benchmarks provide the reference points
needed to evaluate manufacturing
performance objectively. They help answer
critical operational questions:

Are production assets performing at their
expected capacity?

« Which machines are limiting overall
throughput?

« Is maintenance preventing failures or
simply responding to them?

« Are quality issues isolated incidents or
recurring trends?

« Where are energy, material, and
production losses occurring?

17

The sixteen benchmarks presented in this
chapter represent the operational metrics
most commonly used to evaluate
manufacturing performance. They cover four
critical areas:

« Production efficiency through Overall
Equipment Effectiveness (OEE) and
production KPIs.

« Equipment reliability through
maintenance and asset performance
metrics.

« Operational quality through yield, scrap,
and process consistency.

» Predictive maintenance through machine
health indicators that identify failures
before they occur.

These benchmarks are not intended to
function as pass-or-fail scores. Instead, they
act as operational reference points that help
manufacturing teams understand where
performance is strong, where improvement
opportunities exist, and which issues require
immediate attention.

Each KPI provides a unique operational
insight. Together, they deliver a complete
view of manufacturing performance.
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Why This Chapter Matters

By the end of this chapter, you will be able to:

> Understand the KPIs used by high-performing manufacturing organizations.

> Benchmark your operations against recognized industry standards and practical thresholds.

> Identify hidden inefficiencies before they affect production targets.

> Prioritize improvement initiatives based on measurable operational data rather than assumptions.

> Build a stronger foundation for predictive maintenance, operational excellence, and continuous improv

2.2 How to Use This Chapter

The benchmarks in this chapter are not
intended to be treated as a checklist or a
certification of manufacturing excellence.
Instead, they provide a practical framework
for evaluating operational performance and
identifying where attention is needed most.

Rather than reviewing these metrics in
isolation, they should be interpreted
collectively. A single KPI rarely tells the
complete story. For example, a decline in
Overall Equipment Effectiveness (OEE) may
be caused by frequent equipment failures,
slower production speeds, quality losses, or a
combination of all three. Similarly, arisein
vibration levels may indicate normal wear,
while a sustained increase combined with
higher operating temperatures and declining
MTBF provides much stronger evidence of an
impending equipment failure.
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Some benchmarks represent industry-
recognized targets, while others reflect
practical thresholds observed across real-
world manufacturing environments.
Together, they help answer a simple
question:

Think of these benchmarks as operational
signals rather than isolated numbers. When
multiple indicators move together, they reveal
patterns that help teams identify root causes
before they affect production, quality, or
maintenance costs.

The benchmarks are organized in the same
sequence that many operations and
maintenance teams naturally investigate
performance.
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Y Fleet-Level KPIs

These metrics provide an overall view of plant performance, including production efficiency,
equipment reliability, maintenance effectiveness, and operational health. They help leaders
understand how the facility is performing as a whole and identify areas that require deeper
investigation.

Y Machine-Level KPIs

Once a fleet-level issue has been identified, machine-level metrics help isolate the source.
They explain whether performance losses are caused by availability, speed, quality, excessive
scrap, energy consumption, or inconsistent production cycles.

J9 Predictive Maintenance KPIs

The final group focuses on equipment condition and early warning indicators. Metrics such as
vibration, temperature, tool wear, and machine-specific reliability help maintenance teams
detect developing issues before they result in unexpected downtime.

Together, these sixteen benchmarks provide a comprehensive view of manufacturing
performance, helping manufacturers identify where problems exist, understand their root
causes, and prioritize corrective actions. Rather than achieving perfect scores, the objective is
to use these KPIs to reduce operational risk, drive continuous improvement, and make informed,
data-driven decisions.

2.3 Fleet-Level KPIs

Fleet-level KPIs provide a real-time view of manufacturing performance across the entire facility.
They help plant managers and operations leaders understand whether production is running
efficiently, assets are operating reliably, and maintenance activities are preventing disruptions
before they impact output.

Traditionally, these metrics were compiled from production logs and end-of-shift reports,
making them useful for historical analysis but ineffective for immediate action. Industry 4.0
changes this by continuously collecting data from connected machines, PLCs, SCADA systems,
MES platforms, industrial sensors, and edge devices. Instead of waiting for reports,
manufacturers gain live visibility into plant performance, enabling faster decisions and
proactive interventions.

These metrics answer one fundamental question:
"How is the factory performing right now, and where should attention be focused?”
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1  FLEET AVERAGE OEE (OVERALL EQUIPMENT EFFECTIVENESS)

World-Class Benchmark: = 85%

Fleet Average OEE measures the overall productivity of manufacturing operations by combining
Availability, Performance, and Quality across production assets, making it the industry’s
standard measure of manufacturing effectiveness (ISO 22400). Industry 4.0 enables
continuous OEE calculation by collecting runtime, downtime, production, and quality data
directly from connected equipment, providing operators and supervisors with real-time visibility
into production losses.

Why It Matters

> Measures overall production efficiency

> Quantifies lost manufacturing capacity

> Enables real-time operational decision-making

> Provides a consistent benchmark across production lines and plants

Typical Actions

> Investigate declining Availability, Performance, or Quality
> Compare production lines to identify underperforming assets
> Prioritize operational improvements where OEE losses are greatest

2 RUNNING VS. FAULTED MACHINES

Target: Maximum Running Availability with Minimal Faulted Assets

This KPI provides a real-time view of the operational status of every connected production
asset. By continuously monitoring PLC signals, machine controllers, and SCADA events,
Industry 4.0 platforms automatically identify whether equipment is running, idle, faulted, under
maintenance, or awaiting material, enabling supervisors to detect production interruptions and
respond before they impact throughput.

Why It Matters

> Provides real-time visibility into plant capacity
> Enables faster maintenance response

> Reduces production delays

> Improves utilization of manufacturing assets

Typical Actions

> Dispatch maintenance to faulted equipment
> Investigate recurring fault patterns

> ddentify preducliondettiepecks caused by equipment availability 20



3 AVERAGE MTBF (MEAN TIME BETWEEN FAILURES)

Benchmark: Continuous improvement over time

MTBF measures the average operating time between equipment failures and is a key indicator
of asset reliability. Industry 4.0 platforms automatically capture machine faults, operating
hours, and restart times to calculate accurate reliability metrics, helping maintenance teams
identify failure patterns, optimize maintenance schedules, and improve equipment reliability.

Why It Matters

> Measures long-term asset reliability

> Reduces unplanned downtime

> Supports predictive maintenance strategies
> Improves maintenance planning

Typical Actions

> Investigate recurring failures
> Review maintenance intervals
> Compare reliability across similar equipment

4  AVERAGE MTTR (MEAN TIME TO REPAIR)

Recommended Target: Less than 4 hours (for CNC and automated manufacturing assets)

MT TR measures how quickly equipment is restored after a failure. Industry 4.0 improves the
accuracy of this metric by automatically recording when a machine faults, when maintenance
begins, and when production resumes. These timestamps eliminate manual estimates and help
manufacturers identify delays caused by diagnosis, spare parts availability, technician
response, or repair procedures.

Why It Matters

> Measures maintenance efficiency

> Improves equipment availability

> Reduces production downtime

> ldentifies maintenance process bottlenecks

Typical Actions

> Reduce diagnostic time
> Improve spare parts availability
> Optimize maintenance workfilows
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5 PREDICTIVE MAINTENANCE HIGH-RISK ASSETS

Target: As low as operationally possible

Instead of detecting failures after they occur, Industry 4.0 continuously monitors equipment
health using vibration, temperature, motor current, operating hours, and fault history. Al-
powered predictive analytics identify assets at risk of failure, enabling proactive maintenance
that reduces unplanned downtime and maintenance costs.

Why It Matters

> Prevents unexpected downtime

> Prioritizes maintenance resources
> Extends equipment life

> Reduces emergency repairs

Typical Actions

> Schedule maintenance during planned shutdowns
> Monitor deteriorating assets more closely
> Validate predictive models using maintenance outcomes

6 CRITICALALERTS

Target: Near Zero

Critical Alerts are high-priority events such as equipment failures, emergency stops, safety
incidents, or quality deviations. Industry 4.0 continuously monitors connected assets and
automatically generates real-time alerts when abnormal conditions are detected, enabling
faster response and preventing minor issues from escalating into production disruptions.

Why It Matters

> Improves operational safety

> Enables immediate response

> Protects production continuity

> Reduces downtime caused by delayed intervention

Typical Actions

> Investigate root causes immediately.
> Escalate unresolved critical events
> Analyze recurring alerts to eliminate systemic issues
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Il SECTION SUMMARY

Fleet-level KPIs provide a live operational snapshot of the factory. Industry 4.0 transforms
these metrics from historical reports into continuously updated performance indicators by
integrating data from machines, PLCs, SCADA systems, MES platforms, and lloT devices.

This real-time visibility enables manufacturers to identify production losses earlier,
respond faster to operational issues, and make decisions based on current factory
conditions rather than yesterday’s reports.

While fleet-level KPIs indicate where performance issues exist, understanding why they
occur requires a closer look at individual machines. The next section explores machine-
level KPIs, where lloT data reveals the specific causes of downtime, performance losses,
quality issues, and production variability.

2.4 Per-Machine OEE & Production KPlIs

Fleet-level KPIs indicate where performance issues exist across the factory. Machine-level KPIs
explain why they occur.

Every machine generates operational data such as machine status, cycle times, production
counts, fault codes, power consumption, and process parameters. Industry 4.0 uses IloT to
capture data directly from connected equipment, providing real-time visibility into asset
performance & enabling real-time predictive maintenance & continuous process optimization.

These metrics answer the next critical question:
"Which machine is underperforming, why is it happening, and what action should be taken?”

DID YOU KNOW ?

Overall Equipment Effectiveness (OEE) was developed by Seiichi Nakajima in the 1960s as part of Toyota’s Total
Productive Maintenance (TPM) methodology and has since become one of the world’s most widely used metrics for
measuring manufacturing productivity.
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1 OVERALLEQUIPMENT EFFECTIVENESS (OEE)

World-Class Benchmark: = 85%

OEE measures an individual machine’s productivity by combining Availability, Performance, and
Quality into a single metric. Industry 4.0 automatically calculates OEE using machine runtime,
downtime, production, reject counts, and cycle times from connected systems, enabling
operators to monitor performance in real time and quickly address production losses.

Why It Matters

> Measures overall machine productivity

> ldentifies the largest source of production losses
> Enables continuous performance monitoring

> Supports data-driven operational improvements

Typical Actions

> ldentify whether Availability, Performance, or Quality is limiting production
> Compare similar machines to identify best-performing assets
> Prioritize improvement initiatives based on the largest productivity losses

2 AVAILABILITY

Availability measures how much planned production time a machine is available for
manufacturing. Industry 4.0 automatically detects and records machine operating states using
lloT, providing accurate downtime analysis and helping manufacturers identify recurring issues
that reduce production capacity.

Why It Matters

> Maximizes equipment utilization

> Reduces lost production time

> Improves production scheduling

> ldentifies recurring downtime causes

TYPICALACTIONS

> Reduce breakdown frequency
> Optimize changeover procedures
> Investigate recurring downtime patterns
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5 PERFORMANCE

Performance measures whether a machine operates at its designed production speed while
running. Industry 4.0 continuously monitors cycle times, throughput, machine speed, and
utilization to identify losses caused by reduced speed or micro-stoppages, enabling production
teams to eliminate bottlenecks before they impact productivity.

Why It Matters

> Maximizes production throughput
> Detects hidden efficiency losses

> Improves asset utilization

> Supports process optimization

Typical Actions

> Investigate increasing cycle times
> ldentify recurring micro-stoppages
> Compare actual production speed against design capacity

4  QUALITY

Quality measures the percentage of products that meet specifications without rework or
rejection. Industry 4.0 integrates inspection systems, machine vision, sensors, and MES to
monitor quality in real time, helping manufacturers quickly identify root causes, reduce defects,
and improve product consistency.

Why It Matters

> Improves product consistency

> Reduces scrap and rework

> Enhances customer satisfaction

> Supports continuous quality improvement

TYPICALACTIONS

> Investigate recurring defect patterns
> Correlate quality issues with process conditions
> Review machine calibration and tooling
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5 SCRAPRATE

Recommended Benchmark: Less than 1% (for many precision manufacturing environments)

Scrap Rate measures the percentage of products that fail to meet quality standards and cannot
be sold. Industry 4.0 combines production, quality, and machine data to identify the causes of
scrap, helping manufacturers reduce waste and improve production efficiency.

Why It Matters

> Reduces material waste

> Improves manufacturing profitability
> Increases production efficiency

> Supports quality optimization

Typical Actions

> ldentify machines generating excessive scrap
> Analyze relationships between machine conditions and defects
> Optimize process parameters

6 FIRSTPASSYIELD (FPY)

First Pass Yield measures the percentage of products that successfully pass manufacturing
and quality inspection without requiring rework.

A high First Pass Yield (FPY) indicates a stable production process, while a declining FPY signals
process variation or equipment issues. Industry 4.0 links production, machine, operator, and
inspection data to provide complete traceability, enabling faster root cause analysis and
continuous quality improvement.

Why It Matters

> Minimizes rework

> Improves production capacity

> Reduces manufacturing costs
> Demonstrates process stability

Typical Actions

> Review recurring rework causes
> Investigate process variability
> Monitor quality trends by machine and product
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7 ENERGY PER PART

Energy per Part measures the amount of energy consumed to manufacture a single finished
product.

Unlike total facility energy consumption, this KPl measures the efficiency of individual
production assets. Industry 4.0 combines energy and production data from smart meters and
connected equipment to identify inefficient assets, optimize energy usage & improve efficiency

Why It Matters

> Reduces production costs

> Improves energy efficiency

> Supports sustainability initiatives
> Optimizes equipment utilization

Typical Actions

> Compare energy consumption across similar machines
> ldentify excessive idle energy usage
> Optimize operating parameters

8 CYCLE TIME VARIANCE

Cycle Time Variance measures how consistently a machine completes each production cycle
compared to its expected cycle time.

Increasing Cycle Time Variance often indicates equipment wear, process instability, or material
inconsistencies. Industry 4.0 continuously analyzes production cycles to detect deviations
early, helping manufacturers prevent impacts on throughput, OEE, and product quality.

Why It Matters

> Detects emerging equipment issues
> Improves production predictability

> Supports proactive maintenance

> Reduces productivity losses

Typical Actions

> Investigate abnormal cycle time fluctuations
> Compare performance across production shifts
> Monitor trends before OEE declines
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Il SECTION SUMMARY

Machine-level KPIs reveal how individual assets contribute to overall manufacturing
performance. Industry 4.0 enhances these metrics by replacing manual observations with
continuous data collection from connected machines, PLCs, sensors, and industrial
control systems. This enables manufacturers to monitor equipment inreal time, identify
performance losses earlier, and make faster, data-driven decisions.

While these KPIs explain how a machine is performing today, they do not necessarily
indicate when it is likely to fail. The next section focuses on Predictive Maintenance KPIs,
where lloT, condition monitoring, and Al help manufacturers anticipate failures.

2.5 Predictive Maintenance KPIs

Traditional maintenance strategies are either reactive, where equipment is repaired after it fails,
or preventive, where maintenance is performed at fixed intervals regardless of the asset’s
condition. While preventive maintenance reduces unexpected failures, it can still result in
unnecessary servicing or missed early signs of equipment degradation.

Industry 4.0 introduces Predictive Maintenance (PdM) by continuously monitoring machine
health using lloT sensors, industrial controllers, and analytics platforms. Data such as vibration,
temperature, motor current, acoustic signals, lubrication conditions, and operating hours are
analyzed in real time to identify abnormal patterns before they result in equipment failure.

Rather than asking "What has already failed?’, Predictive Maintenance answers:

“"Which machine is likely to fail next, and when should maintenance be scheduled?”

1 TOOLWEAR

Recommended Action Threshold: Above 85% Estimated Tool Life

Tool wear measures the remaining usable life of cutting tools based on machining cycles,
operating conditions, and machine health.

Industry 4.0 combines data from CNC controllers, tool life counters, spindle load, vibration
sensors, and production history to estimate tool degradation. Instead of replacing tools at fixed
intervals, manufacturers can maximize tool utilization while preventing defects caused by
excessive wear.
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Why It Matters

> Prevents dimensional inaccuracies
> Reduces unexpected tool failures
> Extends usable tool life

> Improves machining consistency.

Typical Actions

> ldentify whether Availability, Performance, or Quality is limiting production
> Compare similar machines to identify best-performing assets
> Prioritize improvement initiatives based on the largest productivity losses

2 VIBRATION MONITORING

Typical Alert Threshold: Approximately 4 mm/s RMS (varies by machine type and ISO vibration
standards)

Vibration is one of the earliest indicators of mechanical deterioration in rotating equipment
such as motors, pumps, gearboxes, bearings, and spindles.

lloT vibration sensors continuously monitor equipment health and detect changes in vibration
patterns that may indicate bearing wear, shaft misalignment, imbalance, looseness, or tool
damage. Industry 4.0 platforms analyze both vibration magnitude and long-term trends to
distinguish between normal operating conditions and developing faults. By identifying
abnormal vibration early, maintenance teams can schedule corrective actions before failures
occur, reducing unplanned downtime, extending equipment life, and improving overall asset
reliability.

Why It Matters

> Detects failures before breakdowns occur
> Reduces unplanned downtime

> Extends equipment life

> Improves maintenance planning

Typical Actions

> Inspect bearings and rotating components
> Verify shaft alignment and balancing
> Schedule maintenance during planned shutdowns

29 Private & Confidential © Zeliot | 2026



5 TEMPERATURE MONITORING

Typical Inspection Threshold: Sustained temperatures above 85°C (machine dependent)

Temperature is a key indicator of equipment health. Industry 4.0 continuously monitors motors,

bearings, gearboxes, and hydraulic systems using connected sensors, detecting gradual
temperature increases that help manufacturers identify developing issues before failures
OCCUTr.

Why It Matters

> Prevents overheating failures
> Extends bearing and motor life
> Detects lubrication problems
> Improves equipment reliability

Typical Actions

> Inspect lubrication systems
> Verify cooling performance
> Investigate abnormal temperature trends

4 MACHINE-LEVELMTBF & MTTR

While fleet-wide MTBF and MT TR measure overall maintenance performance, machine-level
metrics reveal the reliability of individual assets. Industry 4.0 automatically records faults,
maintenance activities, and restarts, helping maintenance teams identify recurring issues,
optimize maintenance schedules, and improve asset reliability over time.

Why It Matters

> |ldentifies unreliable equipment

> Supports asset-specific maintenance strategies
> Optimizes spare parts planning

> Measures maintenance effectiveness

Typical Actions

> Compare machines performing similar operations
> Adjust preventive maintenance intervals
> Prioritize replacement of high-failure assets
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5 FAULT COUNTVS. REPAIR COUNT

Fault Count measures how frequently equipment reports failures, while Repair Count measures
how many maintenance activities successfully resolve those issues.

When these metrics begin to diverge, manufacturers gain insight into maintenance
effectiveness rather than simply equipment reliability. A growing gap may indicate unresolved
root causes, recurring failures, delayed maintenance, spare parts shortages, or inefficient
repair processes.

Industry 4.0 automatically tracks fault events, maintenance work orders, technician
interventions, and machine recovery times, providing complete visibility into the maintenance
lifecycle.

Why It Matters

> Evaluates maintenance effectiveness

> ldentifies recurring equipment problems

> Improves maintenance planning

> Supports continuous improvement initiatives

Typical Actions

> Investigate recurring faults

> Review maintenance procedures
> Analyze spare parts availability

> Improve root cause analysis

How Industry 4.0 Changes Maintenance

Predictive Maintenance is one of the clearest operating conditions, estimate remaining

examples of how Industry 4.0 transforms equipment life, and recommend maintenance
manufacturing operations. before failures occur.

Instead of relying on periodic inspections or The result is a shift from reactive

reacting after equipment fails, lloT-enabled maintenance to condition-based and
condition monitoring provides continuous predictive maintenance, reducing downtime,
visibility into machine health. Real-time data lowering maintenance costs, improving

from sensors, PLCs, edge devices, and equipment reliability, and maximizing
industrial control systems is analyzed using asset utilization.

predictive analytics to identify abnormal
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Il SECTION SUMMARY

Predictive Maintenance KPIs extend operational visibility beyond current production
performance by monitoring the health of individual assets. Together with fleet-level and
machine-level KPIs, they provide a complete picture of manufacturing operations: fleet
KPIs show where issues exist, machine KPIs explain what is happening, and predictive
maintenance KPIs indicate why problems are developing and when intervention

IS required.

These capabilities are made possible through Industry 4.0 technologies such as lloT, real-
time data collection, edge computing, and Al-driven analytics, enabling manufacturers to
move from reactive maintenance toward predictive, data-driven operations.

2.6 Methodology

The benchmarks presented in this chapter are not arbitrary targets or vendor-defined
recommendations. They are based on a combination of internationally recognized
manufacturing standards, industry best practices, and practical operational thresholds
observed in real-world manufacturing environments.

Rather than relying on a single source, these benchmarks were selected to represent the
operational indicators most widely used to measure manufacturing performance, equipment
reliability, production efficiency, and predictive maintenance readiness.

International Standards

Several of the KPIs in this chapter are derived from globally accepted manufacturing standards.

ISO 22400 provides standardized definitions for manufacturing operations management KPIs,
including Overall Equipment Effectiveness (OEE), Availability, Performance, and Quality.

It establishes a consistent framework for measuring and comparing manufacturing
performance across facilities.

ISO 50001 defines best practices for energy management and forms the basis for metrics such
as Energy per Part, enabling manufacturers to evaluate production efficiency while supporting

sustainability initiatives.

Commonly accepted maintenance practices and equipment condition monitoring guidelines
have been considered when discussing metrics such as vibration, temperature, MTBF & MTTR.
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Industry 4.0 and lloT Practices

While international standards define what should be measured, Industry 4.0 defines how these
metrics can be captured and acted upon.

The implementation approaches described throughout this chapter assume modern
manufacturing environments where production data is collected automatically through
Industrial loT technologies, including:

> PLCs and CNC controllers

Industrial sensors

SCADA systems

Manufacturing Execution Systems (MES)
Industrial gateways

Edge computing platforms

Real-time analytics platforms

v

v

v

v

v

v

By integrating these systems, manufacturers can continuously monitor production
performance instead of relying solely on manual reporting or end-of-shift analysis.

Practical Operational Thresholds

Not every KPI has a universally accepted target.

Metrics such as tool wear, vibration levels, temperature limits, MTTR, and maintenance
response times vary depending on machine type, operating conditions, production processes,
and manufacturer recommendations.

The thresholds referenced in this playbook represent practical guidance commonly used across
industrial manufacturing environments. They should be treated as starting points for

performance evaluation rather than fixed limits applicable to every facility.

Each organization should calibrate these thresholds based on its own equipment, operating
conditions, production requirements, and maintenance strategy.

Using These Benchmarks Effectively

No single KPI should be interpreted in isolation.

Manufacturing performance is best understood by analyzing multiple indicators together. For
example:
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> Declining OEE combined with reduced Availability indicate increasing equipment downtime.

> Increasing vibration alongside rising operating temperatures often signals developing
bearing or spindle failures

> Stable OEE but declining First Pass Yield reveal hidden quality issues being masked by rework
> High Energy consumption without production indicate deteriorating equipment efficiency

The greatest value comes not from monitoring individual KPIs, but from understanding the
relationships between them.

Il SECTION SUMMARY

These benchmarks provide a practical framework for assessing manufacturing
performance, identifying operational risks, and prioritizing improvement initiatives.

Combined with Industry 4.0 technologies such as lloT, real-time monitoring, and predictive
analytics, they enable manufacturers to move beyond historical reporting toward
continuous operational intelligence and data-driven decision-making.

2.7 A Worked Example: Diagnosing a Production Issue with Industry 4.0

Understanding individual KPIs is valuable, but the real strength of Industry 4.0 lies in connecting
them to uncover the root cause of operational issues.

Instead of analyzing production, maintenance, and quality data separately, Industry 4.0
platforms combine information from IlloT sensors, PLCs, CNC controllers, SCADA systems, MES
platforms, and predictive analytics to provide a unified view of manufacturing performance.

The following example illustrates how multiple KPIs work together to identify a developing
equipment failure before it results in unplanned downtime.

DID YOU KNOW ?

Reliability engineers use the P-F Curve (Potential Failure to Functional Failure) to
identify the window between the first detectable signs of degradation and actual
equipment failure, enabling maintenance before production is disrupted.
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Scenario

Consider a CNC production line consisting of six machining centers connected to an Industry
4.0 platform.

The plant dashboard reports the following:

KPI CURRENT VALUE STATUS
Fleet Average OEE 71.8% Below Target
Running Machines 50f6

Average MTBF Declining Warning
Average MTTR 3.5 hours Acceptable
Predictive Maintenance Risk 2 Machines High Risk

At first glance, the only obvious issue appears to be the lower-than-expected OEE.

However, Industry 4.0 enables operators to drill into the individual machines contributing to the
loss.

Machine-Level Analysis

The dashboard highlights one machining center with the following metrics:

KPI VALUE

OEE 69%
Availability 76%
Performance 94%

Quality 97%

Spindle Vibration 5.7 mm/s RMS
Bearing Temperature 88°C

Although Performance and Quality remain healthy, Availability has dropped significantly.

Without machine-level visibility, production teams may attribute reduced output to operators or
production speed. Industry 4.0 reveals that recurring downtime is the actual cause, reducing
equipment availability.
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Predictive Maintenance Analysis

The lloT condition-monitoring system identifies two abnormal trends:

> Spindle vibration has increased steadily over the past three weeks
> Bearing temp has risen above the normal operating range during every production shift

Historical maintenance data shows similar vibration and temperature patterns previously led to
bearing failures. Based on these conditions, the predictive maintenance model classifies the
machine as High Risk and recommends inspection during the next planned maintenance
window.

Recommended Action

Rather than waiting for an unexpected equipment failure, the maintenance team schedules the
repair during a planned production stoppage.

The expected outcomes include:

> Avoiding unplanned downtime.

> Maintaining production schedules.

> Preventing secondary damage to the spindle.

> Extending equipment life.

> Improving Fleet OEE after maintenance is completed.

This is the practical value of Industry 4.0: transforming operational data into timely maintenance
decisions before failures disrupt production.

Beyond CNC Manufacturing

The same diagnostic approach applies across different manufacturing industries.

For example, in a cement plant, lloT continuously monitors kiln temperature, fuel consumption,
energy usage, vibration, and process variables. If Specific Heat Consumption (SHC) increases
alongside abnormal vibration or burning-zone temperatures, the platform identifies the
affected equipment, generates early alerts, and recommends maintenance before efficiency
declines or an unplanned shutdown occurs.

Although the KPIs differ between industries, the approach remains the same:

1. Collect real-time operational data.

2. Monitor KPIs continuously.

3. Detect abnormal patterns early.

4. Predict potential failures.

5. Enable proactive operational decisions.
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Il Key Takeaway

This example demonstrates why Industry 4.0 is more than a collection of dashboards and KPIs.
> Fleet-level KPIs identify where performance is declining.

> Machine-level KPIs explain what is causing the loss.

> Predictive maintenance KPIs reveal why the issue is developing.

lloT connects all these insights into a single operational view, allowing manufacturers to move
from reactive troubleshooting to proactive decision-making.

The result is faster diagnosis, reduced downtime, improved reliability, and more consistent
manufacturing performance.

Chapter 3
Building Your Industry 4.0 Roadmap

From benchmarking performance to implementing real-time manufacturing.

31 Why Most Industry 4.0 Initiatives Stall

By the time manufacturers begin exploring As a result, implementation challenges arise
Industry 4.0, the business case is usually clear.

Higher equipment utilization, lower downtime, « Integrating legacy equipment with
improved quality, reduced energy modern digital platforms.

consumption, and better operational visibility

are all well-established outcomes. The « Connecting data across PLCs, SCADA,
challenge is rarely understanding why Industry MES, ERP, and industrial loT devices.

4.0 matters. The challenge is determining how

to implement it successfully. « Maintaining cybersecurity while

iIncreasing operational connectivity.
Most manufacturing environments have

evolved over decades, combining modern « Demonstrating measurable business
automation with legacy equipment, SCADA, value before expanding investment.
MES, ERP, and proprietary systems from

multiple vendors. These systems were « Developing internal expertise to deploy,
designed to operate independently, making manage, and maintain new digital
seamless data exchange across the factory systems.

difficult.
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These challenges often lead to pilot projects Il Key Takeaway
that demonstrate technical feasibility but fail

_ _ | _ Industry 4.0 projects rarely stall because the
to scale into enterprise-wide transformation.

technology is unavailable. They stall because
implementation lacks a clear strategy,
measurable objectives, and a practical path
from isolated pilot projects to plant-wide
adoption. Organizations that focus first on
solving specific operational problems are far
more likely to achieve sustainable, scalable
digital transformation.

The most successful Industry 4.0 initiatives
take a different approach. Instead of
attempting to digitize an entire plant at once,
they begin with a clearly defined

operational objective, such as improving OEE,
reducing unplanned downtime, lowering scrap
rates, or optimizing energy consumption. Data
IS collected from the assets that matter most,
connected to existing operational systems,
and transformed into real-time insights that

support day-to-day decision-making. In a McKinsey survey, nearly 70% of manufacturers
identified digital manufacturing as a top strategic

priority, yet most still struggle to scale successful
pilots into enterprise-wide deployments.

DID YOU KNOW ?

Once measurable improvements have been
achieved, the same architecture, data models,
and operational practices can be extended
across additional production lines, facilities,
and business units with significantly lower
implementation risk.

3.2 What Successful Industry 4.0 Implementations Have in Common

Industry 4.0 is not implemented by deploying a single piece of software or connecting a few
machines to the cloud. Successful implementations combine technology, operational
processes, and domain expertise to create a manufacturing environment where data
continuously supports decision-making.

Regardless of the industry or production process, most successful Industry 4.0 initiatives follow
a common set of principles.

£33 Start with Operational Priorities

Every Industry 4.0 implementation should begin with a clearly defined business objective, such
as reducing unplanned downtime, improving OEE, lowering energy consumption, increasing
First Pass Yield, or optimizing maintenance. Defining measurable outcomes helps prioritize
investments, establish success metrics, and ensures technology serves as the enabler rather
than the objective.

Private & Confidential © Zeliot | 2026 38



82 Build on Existing Systems

Modern manufacturing plants already operate a wide range of industrial systems, including
PLCs, SCADA, MES, ERP applications, historians, and machine controllers. Replacing these
systems is often unnecessary, costly, and disruptive.

Instead, successful Industry 4.0 initiatives integrate with the existing production environment,
allowing operational data to flow across systems while preserving previous investments. This
approach reduces implementation risk and accelerates time to value.

1 Transform Data into Operational Intelligence

Collecting machine data alone does not improve manufacturing performance.

The real value comes from converting raw operational data into meaningful insights such as live
production dashboards, equipment health indicators, predictive maintenance alerts, quality
trends, and energy consumption analysis.

When operators, maintenance engineers, and production managers have access to accurate,
real-time information, they can respond to issues before they affect production.

-~ Enable Continuous Improvement

Manufacturing environments are constantly evolving. Production schedules change, new
equipment is introduced, product variants increase, and operating conditions shift over time.

As a result, dashboards, KPIs, alert thresholds, predictive models, and integrations should
evolve alongside the production environment. Industry 4.0 is not a one-time implementation
but an ongoing operational capability that continuously adapts to changing business needs.

] Establish Clear Ownership

One of the most common reasons Industry 4.0 initiatives struggle is fragmented ownership.
Different vendors may be responsible for sensors, connectivity, analytics, dashboards,
infrastructure, and ongoing support, making it difficult to resolve issues efficiently.

Successful projects establish clear accountability for the complete operational workfiow, from
data collection and system integration to analytics, monitoring, maintenance, and continuous
optimization. A unified approach reduces complexity, accelerates issue resolution, and ensures
the solution continues to deliver value long after deployment.
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Il Key Takeaway

While every manufacturing environment is

different, successful Industry 4.0 implementations @
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3.3 Questions to Ask Before Choosing an Industry 4.0 Approach

Every manufacturing facility has different The following questions help evaluate
operational priorities, equipment, and levels whether an Industry 4.0 approach is designed
of digital maturity. There is no single to deliver lasting operational value rather
implementation model that fits every than simply deploying new technology.

organization. Whether the project is
delivered internally, through a systems

. . INDUSTRY FACT

integrator, or by a technology partner, asking Q
the right questions early can significantly A PwC India survey found that 38% of manufacturers
reduce implementation risk and improve have yet to create a digital transformation roadmap

long-term success.

Q1. Can It Integrate with Existing Systems?

Most plants already operate a mix of PLCs, SCADA systems, MES platforms, ERP applications,
historians, and legacy equipment.

An effective Industry 4.0 solution should integrate with these systems rather than requiring

them to be replaced. Preserving existing investments reduces implementation time, minimizes
operational disruption, and accelerates adoption.
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Q2. Is Operational Data Available in Real Time?

Production decisions are most effective when based on current operating conditions rather
than historical reports.

Ask how quickly production, maintenance, quality, and energy data become available after being
generated. Real-time visibility enables operators to detect issues early, respond faster, and
reduce the impact of downtime or quality losses.

Q3. How Are Equipment and Connectivity Issues Managed?

Sensors, gateways, industrial networks, and communication links occasionally fail. The ability to
detect and recover from these issues is just as important as collecting production data.

Understand how disconnected devices, communication failures, and data quality issues are
identified, who is notified, and how quickly corrective action is taken to maintain operational
visibility.

Q4. Who Maintains the Solution After Deployment?

Industry 4.0 implementations continue to evolve as production processes change. New
machines are added, dashboards require updates, alert thresholds need adjustment, and
analytics models improve over time.

Clarify who is responsible for maintaining integrations, monitoring system health, updating
dashboards, and ensuring the platform continues to meet operational requirements after
implementation.

Q5. Can the Solution Scale?

Many organizations begin with a single production line or pilot project before expanding across
multiple facilities.

Evaluate whether the architecture can support additional machines, production lines, plants,
users, and data volumes without requiring significant redesign or disruption to existing
operations.

Q6. Is There Clear Accountability?

Successful Industry 4.0 initiatives require clear ownership throughout implementation. A well-
defined ownership model ensures effective management of integration, data quality, platform
reliability, analytics, and support, while reducing delays caused by fragmented vendor
responsibilities.
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Il Key Takeaway

Choosing an Industry 4.0 approach is not
simply a technology decision. It is a long-term
operational decision that influences how
datais collected, analyzed, maintained, and
used across the organization.

The Road Ahead

Industry 4.0 is often associated with
advanced technologies such as Industrial loT,
artificial intelligence, robotics, and cloud
computing. While these technologies are
important, they are only enablers. The

real objective is to build a manufacturing
operation that is more visible, more
predictable, and more responsive to change.

Throughout this playbook, we've explored the
three essential steps of that journey.

First, understanding what Industry 4.0 is and
how connected systems transform traditional
manufacturing into real-time operations.

Second, measuring performance using the
operational benchmarks that world-class
manufacturers rely on every day, from Overall
Equipment Effectiveness (OEE) and First Pass
Yield to predictive maintenance indicators
and energy efficiency metrics.

Finally, understanding how to bridge the gap
between current operations and a connected
manufacturing environment by adopting a
structured implementation approach

that builds on existing systems.

For most mfgs, digital transformation does
not begin with a large-scale technology
deployment.
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The right implementation approach should
integrate with existing systems, provide real-
time operational visibility, scale with business
growth, and establish clear accountability for
both deployment and ongoing operation.

INDUSTRY FACT O

Over 85% of manufacturing executives expect
smart factory initiatives to be the primary driver
of competitiveness over the next five years.

Industry 4.0 begins by addressing business
challenges such as reducing unplanned
downtime, improving production visibility,
lowering scrap, optimizing maintenance, or
increasing energy efficiency. With real-time
operational data, manufacturers can identify
bottlenecks, predict equipment failures, and
make faster, data-driven decisions.

Rather than a one-time project, Industry 4.0
IS a continuous journey of measuring
performance and improving operations.
Organizations that define clear objectives,
focus on measurable outcomes, and scale
successful initiatives are better positioned to
build resilient, efficient, and competitive
manufacturing operations. Although
technologies will continue to evolve, the core
principles remain unchanged: connect
operations, measure what matters, act on
real-time insights, and continuously improve.
Manufacturers that embrace these principles
today will be best prepared for the factories
of tomorrow.
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Bringing Industry 4.0 to Life with Condense

Throughout this playbook, we've explored
what Industry 4.0 is, why it matters, and how
world-class manufacturers use operational
data to improve productivity, quality,
reliability and efficiency. We've examined
technologies that enable connected
manufacturing, the benchmarks that define
operational excellence, and the practical
steps required to move from isolated digital
initiatives to enterprise-wide transformation.

One thing emerges clearly throughout this ...

Industry 4.0 is not about deploying individual
applications. Whether the objective is
improving OEE, implementing predictive
maintenance, monitoring production, optimizi
ng energy consumption, ensuring product
quality, or building digital traceability, every
initiative depends on the same underlying
capabilities. Manufacturing data must be
collected from machines and industrial
systems, processed inreal time, enriched
with business logic, integrated with
enterprise applications, and delivered as
reliable software that operators, engineers,
and business teams can trust.

Building that foundation
Is often the hardest part
of an Industry 4.0 program.

Many manufacturers begin with a single
use case but soon find themselves building
and maintaining connectors, streaming
pipelines, custom applications, deployment
workflows, infrastructure, monitoring
systems, and operational tooling.

43

Condense was built to solve this!

Condense is an Al-first Industrial Application
Platform that enables organizations to build,
deploy, and operate real-time Industry 4.0
applications on a single foundation. Instead
of assembling multiple technologies and
managing them independently, engineering
teams use one platform to connect industrial
systems, develop application logic, process
streaming data, deploy production-ready
applications, and manage operations
throughout the application lifecycle.

At the heart of Condense is an Al-powered
engineering experience. Developers and
industrial engineers are assisted by
intelligent agents that accelerate application
development, simplify business logic
creation, validate streaming

pipelines, assist with

deployment, monitor production
environments, analyze operational behaviour,
and help optimize running applications. This
allows teams to spend less time managing
technology and more time solving
manufacturing challenges.
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Beneath this Al-driven experience, Condense
provides the enterprise capabilities
required for production-scale Industry 4.0.
Managed Kafka, Bring Your Own Cloud
(BYOC), industrial connectors, browser-
based development, pipeline orchestration,
observability, governance, and automated
platform operations work together as a
unified platform, eliminating the complexity
of operating distributed streaming
infrastructure while preserving enterprise-
grade scalability, reliability, and security.

As manufacturing requirements evolve, the
same platform supports new applications
without rebuilding the underlying
architecture. Existing integrations, pipelines,
business logic, and operational services can
be reused across production lines, plants,
and business units, enabling organizations to
scale their Industry 4.0 initiatives with
confidence.

Industry 4.0 is not defined by
sensors, dashboards, or data alone.
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Its success depends on how quickly
manufacturers can transform operational
data into intelligent applications that
continuously improve production.

Condense provides the platform that makes
that transformation possible.

About Condense

Condense is Zeliot's Al-first platform for
building, deploying, and operating real-time
industrial applications. Combining Al-
assisted development, managed streaming
infrastructure, industrial connectivity, and
enterprise operations, Condense enables
manufacturers to accelerate digital
transformation while reducing the complexity
of engineering and operating Industry 4.0
solutions.

Learn more:
https://www.zeliot.in/condense
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https://www.zeliot.in/condense

Glossary

Key Industry 4.0 and manufacturing terminology.

OEE (Overall Equipment Effectiveness):
Availability x Performance x Quality — the standard measure of manufacturing efficiency.

MTBF (Mean Time Between Failures):
The average time a machine runs between one failure and the next — a reliability metric.

MTTR (Mean Time To Repair):
The average time it takes to repair a machine after a failure — a maintainability metric.

lloT (Industrial Internet of Things):
Sensors and connected devices deployed in industrial settings to generate continuous
operational data.

MES (Manufacturing Execution System):
Software that tracks and manages production on the factory floor in real time.

SCADA (Supervisory Control and Data Acquisition):
Systems used to monitor and control industrial processes and equipment.

PdM (Predictive Maintenance):
Maintenance triggered by data signals (vibration, temperature, wear trends) before a failure
occurs, rather than after.

Digital Twin:
A live digital representation of a physical asset or process, used to monitor and simulate its
behavior.

Interoperability:
The ability of different systems, sensors, and software — often from different vendors and
different eras — to exchange and use data with each other.

SHC (Specific Heat Consumption):
A cement-manufacturing efficiency metric measuring the heat energy used per unit of clinker
produced.

TSR (Thermal Substitution Rate):
The percentage of a kiln's fuel energy coming from alternative
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Hope this eBook
sparked ideas...

Now let’s turn these
INsights Into action!

Stick Around, It Gets Better

We're Ready When Don't Miss a
You Are. Let’s Talk. Thing - Come Along.
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